the pulsed gradients such that the occurrence of the spin echo due to the applied gradients coincides with the occurrence of the nuclear spin echo derived from the rephasing of spins in the presence of the inhomogenei ties inherent in the main static magnetic ?eld. The 180°
RF pulse is applied with the imaging gradients turned off so that long RF pulse lengths can be used, thus reducing RF power requirements. Exemplary applica tions of the pulse method to multiple angle projection reconstruction and two-dimensional Fourier transform (spin warp imaging) imaging techniques are also de scribed. netic ?eld inhomogeneity and minimize radio frequency (RF) power requirements.
The nuclear magnetic resonance phenomenon occurs in atomic nuclei having an odd number of protons and /or neutrons. Each such nucleus has a net magnetic moment such that when placed in a static homogeneous magnetic ?eld, B0, a greater number of nuclei align with the B0 ?eld to create a net magnetization, M, in the direction of the ?eld. Net magnetization M is the sum mation of the individul nuclear magnetic moments.
Because a nuclear magnetic moment is the result of a nuclear spin, the terms "nuclear moment" and "nuclear spin" as used herein are synonymous.
Under the influence of the magnetic ?eld B0, the nuclei (and hence the net magnetization M) precess or rotate about the axis of the ?eld. The rate (frequency) at which the nuclei precess is dependent on the strength of the applied magnetic ?eld and on the nuclei characteris tics. The angular frequency of precession, w, is de?ned as the Larmor frequency and is given by the equation m=yBo ( 1) in which 7 is the gyromagnetic ratio (constant for each type of nucleus) and B0 is the strength of the applied static homogeneous magnetic ?eld. The frequency at which the nuclei precess is thus primarily dependent on the strength of the magnetic ?eld B0, and increased with increasing ?eld strength.
A precessing nucleus is capable of absorbing electro magnetic energy. The frequency of the electromagnetic energy needed to induce resonance is the same as the precession frequency w. During the application of the electromagnetic energy, typically a radio frequency pulse, the net magnetization M precesses further and further away from the z-axis (arbitrarily assumed to be the direction of the B0 ?eld), depending on the energy and duration of the RF pulse. A 90° RF pulse causes the magnetization M to depart 90° from the direction of the B0 ?eld into the x-y plane de?ned by the x-and y-axis, for example, of the Cartesian coordinate system. Simi larly, a 180° RF pulse causes the magnetization M to reverse direction by 180° from its original direction (from the positive z-axis direction to negative z-axis direction, for example). Following the excitation of the nuclei with RF energy, the absorbed energy is re radiated as an NMR signal as the nuclei return to equi librium. The energy is emitted as radio waves and also transferred to surrounding molecules.
It is possible to distinguish NMR signals arising from different spatial positions in the sample based on their respective resonant frequencies. If one or more mag netic ?eld gradients of suf?cient strength to spread out the NMR signal spectrum are applied to the sample, each nuclear spin along the direction of the gradient experiences different magnetic ?eld strength and hence The return of the nuclear spins to equilibrium follow~ ing RF excitation is referred to as "relaxation". The relaxation process is characterized by two time con stants, T1 and T1, both of which are measures of molec ular level motion. The spatial distribution of T1 and T2 throughout the sample provides useful imaging parame ters in addition to the density of nuclear moments or spins.
T1 is referred to as the "longitudinal" or "spin-lattice" NMR relaxation time and is a measure of the return of magnetization to equilibrium; i.e., the tendency of the nuclear spins to realign with the ?eld Ba after cessation of RF excitation. The rate of return to equilibrium is dependent on how fast energy can be transferred to surrounding material (lattice). T1 can vary from a few milliseconds in liquids to minutes or hours in solids. In biological tissue, the typical range is from about 30 milliseconds to 3 seconds. T1, the transverse relaxation time or "spin-spin" re laxation time, is a measure of how long excited nuclear spins oscillate in phase. After a RF pulse, the nuclear spins are in phase and precess together. Each nuclear spin behaves like a magnet which generates a magnetic ?eld that affects other spinning nuclei in its vicinity (spin-spin interaction). As each nuclear moment thus experiences slightly different magnetic ?elds, it pre cesses at a different rate and dephases with respect to ' the other spins, reducing the observed NMR signal. T2
can vary from a few microseconds in solids to seconds in liquids and is always less than or equal to T1. In biological tissue the range is about 5 milliseconds to 3 seconds. '
If the static magnetic ?eld Bo itself has inherent in homogeneities (as is often the case in practical magnets), these produce additional dephasing which hasten the decay of the NMR signal. This is because nuclear spins in different spatial positions are exposed to slightly dif ferent magnetic ?eld values and hence resonate at slightly different frequencies. This new relaxation time, which includes the effects of magnet inhomogeneities, is designated T2" (T2 star), where T2* §T2.
Free induction decay (FID) and the spin-echo are among the methods by which the NMR signal may be observed.
In FID, the nuclear spins are irradiated with a RF pulse (90°, for example). Upon termination of the RF pulse, the spins produce an RF magnetic ?eld as they precess. The NMR signal is observable as long as the nuclear spins precess in phase. The signal decays as the spins dephase and the decay curve is called the FID. If the B0 static magnetic ?eld is perfectly homogeneous, the decay curve is exponential with time constant T2. Otherwise, the decay is measured by T2* which is appa ratus dependent and not representative of the true T1 relaxation time of the sample. Under these circum stances, FID is not an acceptable method of measuring T2.
In the spin-echo method the nuclear spins are ?rst subjected to a 90° RF pulse, as in FID, and then to a 180° RF pulse which creates the spin echo. Following the 90° RF pulse, the nuclear spins precess in phase but quickly get out of phase due to inhomogeneities in the static magnetic ?eld B0, as in FID. This loss of coher ence can be reversed by the application of a 180° RF echo signal is a mirror image of the original FID signal as the nuclear spins regain coherence. The second por tion of the curve duplicates the original FID signal. The spin echo has a lower intensity due to irreversible losses attributable to the T2 relaxation process. The decay in the height of a series of such echoes can be used to calculate the T2.
The NMR imaging pulse sequences in accordance with the present invention overcome the T2* effects caused by the inhomogeneities of the static magnetic ?eld used in NMR imaging systems. Also, because the imaging gradients are turned off during the RF pulse, long RF pulse lengths can be used, thus reducing RF power requirements.
SUMMARY OF THE INVENTION
The present invention relates to a method for NMR image formation which overcomes the effects of inher ent static magnetic ?eld inhomogeneity on spin echo formation. A static magnetic ?eld is maintained along a ?rst axis of a sample to be imaged. Nuclear spins within a predetermined region of the sample are excited by irradiation with a frequency selective RF pulse. Then, for a ?rst predetermined time interval, at least one de phasing magnetic ?eld gradient is applied along a sec 20 0nd axis of the sample to dephase the excited nuclear '
spins. The dephasing of the nuclear spins by the mag netic ?eld gradient is additional to the dephasing due to inherent inhomogeneities in the static magnetic ?eld.
After a predetermined elapsed time interval 1-,, subse quent to the application of the frequency selective RF pulse, during a second time interval, the sample is irradi ated with a 180° RF pulse so as to initiate the rephasing of the nuclear spins. During a third predetermined time interval, subsequent to the second time interval, at least one rephasing gradient having the same direction as the dephasing gradient is applied such that, at an interval of time equal to said interval 1-,, following the 180° RF pulse, the nuclear spin echo caused by the rephasing of nuclear spins dephased by the dephasing gradient coin cides with the occurrence of the nuclear spin echo de rived from the rephasing of the nuclear spins dephased by the inherent inhomogeneities in the static magnetic ?eld. The coinciding nuclear spin echoes produce a single composite NMR signal which is then collected.
It is an object of the invention to provide an NMR imaging pulse sequence which overcomes T2* effects in an inhomogeneous static magnetic ?eld.
It is another object of the invention to provide spe ci?c application of the predetermined planar pulse se It is a further object of the invention to use pulsed magnetic ?eld gradients to reduce RF power require ments for the echo-producing 180° RF pulse.
It is still another object of the invention to provide NMR pulse sequences suitable for obtaining NMR im aging information of the spatial distribution of T1 and T2 throughout the sample.
BRIEF DESCRIPTION OF THE DRAWINGS
The features of the invention believed to be novel are set forth with particularity in the appended claims. The invention itself, however, both as to its organization and method of operation, together with further objects and The multiple angle projection reconstruction imaging method, which will be best understood with reference to FIGS. 1 and 2, is a planar method and therefore requires that the data collecting process be localized to a thin planar slab (termed the imaging plane) in the object of interest. Selection of the thin planar slab is accomplished by a technique known as selective excita tion. FIG. 1 depicts a sample 100 positioned in a static homogeneous magnetic ?eld B0 directed in the positive z-axis direction of a conventional Cartesian coordinate system. The z-axis is selected to be coincident with cylindrical axis 104 of the sample. The origin of the coordinate system is taken to be the center of the sam ple, which is also at the center of the thin planar slab or imaging volume Az. Magnetic ?eld B0 is applied during the entire NMR experiment and accordingly is omitted from all of the ?gures depicting NMR pulse sequences.
To produce spatial localization of the NMR signal, it is necessary to apply gradient magnetic ?elds in addi tion to the main magnetic ?eld Ba. Typically, three such gradients are necessary:
The 6;, Gy, and G2 gradients are constant throughout the imaging volume Az, ( by: Gy(t)y (6) bz=Gz(t)z (7) within the imaging volume. The RF magnetic ?eld pulses are applied in the x-y plane; e. g., along the x-axis.
Selection of the planar volume of nuclear spins is accomplished during interval q1 by the application of a magnetic ?eld gradient G; as shown in FIG. 2. Thus, object 100 is subjected to a total magnetic ?eld in the z axis direction composed of magnetic ?eld gradient 6; and static magnetic ?eld B0.
While object 100 is subjected to the magnetic ?eld gradient G2 during interval q1, it is irradiated with a selective 90° RF pulse. The RF pulse contains a limited band of frequencies selected to excite nuclear spins only in the thin planar slab, AZ (FIG. 1) , of object 100 in which the magnetic ?eld strength is as predicted by the Larmor equation. The Larmor equation predicts that the resonant frequency of the nuclear spin is dependent on the magnetic ?eld strength to which the nuclear spins are exposed. Nuclear spins outside the thin planar slab Az remain substantially unaffected by the RF pulse.
The "selective" nature of the 90° RF pulse is thus appar ent.
At the end of interval q1, nuclear spins in the thin planar slab Az have been reoriented (nutated) into the x-y plane. Although the nutated spins precess at the same frequency, they are out of phase with one another due to the dephasing effects of G, during the second half of interval q1. The nuclear spins can be rephased by the application in interval q; of a negative Gz gradient. The positive and negative Gzgradients are selected such that: The magnitudes of the magnetic ?eld gradients 6,; and'
Gy vary in sinusoidal fashion in interval q; and may be described as:
Gx=g cos 0
Gy=g sin 0 (10) in which 6 is the angle of a single projection during interval q3 and g is a constant. The FID is thus observed in the presence of a magnetic ?eld gradient which is the sum of Gx and 6}) gradient ?elds. The 6,; and GJ) ?eld gradients add vectorially to produce a resultant radial gradient in the imaging plane at angle 0. Spatial infor mation from the entire plane is encoded in the direction of the radial gradient. In order to obtain suf?cient infor mation to image the entire plane, multiple projections are obtained by changing projection angle 0 at, for example, l° intervals to collect spatial data from 180 projections in a 180° arc. Fourier transformation of the signal corresponding to each projection provides the spatial distribution of the NMR signal in that direction. The image is reconstructed from all of the projections using a known computer reconstruction algorithm.
In accordance with the technique of multiple angle projection reconstruction, the FID signal is read out in the presence of gradients so as to obtain useful informa tion of spatial spin distribution. In order to do this, information must be gathered immediately at the end of the negative rephasing Gzpulse in interval qg. However, application of the read-out Gx and Gy gradient magnetic ?elds is a problem. Even if the read-out gradient mag netic ?elds are applied abruptly, there will be a ?nite time period when the exact resulting gradient is tran sient and does not satisfy equations (9) and (10). Thus, during this period spatial information is badly distorted and the NMR signal cannot be normally be used. A known way to overcome this problem is to apply the G; and Gy magnetic ?eld gradients, as shown in FIG. 2, , and sample at unequal time intervals At. The time inter-." vals At are chosen so that at any time t; during interval; qz, the product Atpagi) is constant.
I . An alternative to sampling at different rates is to apply negative 6,, and G); gradients during period qg, as shown in FIG. 3 , to delay the FID signal and to obtaini a form of spin echo. The effect of the negative Gx andl Gy gradients is to dephase the spins. The positive Gx andi Gy gradients reverse the direction of the spin dephasing, so that the spins again rephase and produce an echo signal which can be observed' in the period that the resulting radial gradient is constant. However, the dele terious dephasing effect due to inherent inhomogenei 7 ties in the B0 ?eld is not reversed in this scheme. This represents a loss in spatial spin distribution information and signal intensity. This problem is overcome by the present invention.
'' It is advantageous to consider a second NMR pulse imaging sequence, known as spin-warp imaging, in order to further illustrate the advantages of the present invention. Reference is now made to FIG. 4 which illustrates the spin-warp NMR pulse sequence. A thin planar slab of spins, orthogonal to the z-axis, is selected by the selective excitation technique as described previ ously and the spins reoriented by 90'' as described. Fol lowing the 90" RF pulse, a negative G, gradient is ap plied to rephase the spins. During time interval q;, a negative Gx gradient magnetic ?eld can also be applied to delay the occurrence of the NMR signal.
A phase encoding programmable amplitude gradient As in the aforedescribed multiple angle projection reconstruction imaging method, the negative lobe of the Gx gradient does not reverse the dephasing of nuclear spins due to the inherent magnetic ?eld inhomogeneity, resulting in a loss in NMR signal intensity.
The pulse sequence of the invention for NMR imag ing by multiple angle projection reconstruction will The RF pulse could also take the form of a carrier modulated by (sin bt)/bt, in which t is time and b is a constant. In the latter case the thickness pro?le of the selected plane section would be approximately rectangular. In interval q;, a negative G2 lobe is applied to rephase the spins excited in interval q1. The negative Gz gradient pulse is identical to that used in the aforedescribed multiple angle projection reconstruction.
In interval q; dephasing gradients Gx and Gy are ap plied in the x-and y-coordinate directions, respectively. The application of Gx and Gy gradients in period q2, is followed by a short waiting period of typically between The detailed sequence is as follows: following the selective spin excitation and spin rephasing using a neg ative G2 lobe, the spins are nutated 90° from the z-axis. Due to inherent inhomogeneities in static ?eld B0, the spins begin to dephase by the T2" process, although they precess at the same frequency. The 180° RF pulse will reverse the dephasing process so that a spin echo due to the inherent inhomogeneity of Ba will occur at the end of a time interval Ta (typically 5 milliseconds)
following the irradiation with the 180° RF pulse. The interval Ta is the time between the mean application of the 90° RF pulse and the mean application of the 180° RF pulse as shown in FIG. 6. The 180° RF pulse will also induce a spin echo to occur from the dephasing and rephasing of the spins produced by a gradient which is the resultant of the vectorial addition of the 6,; and Gy gradients. The time of occurrence of the echo due to the resultant gradient is dependent on the degree of the initial dephasing. Thus, in order to obtain the optimum spin echo signal, it is necessary to adjust the magnitude of the G; and Gy gradient dephasing pulses applied during interval qz such that the echo caused by the resultant rephasing gradient in interval q4 also occurs after the interval of time 'ra following the application of the 180° RF pulse. The use of the 180° RF pulse in combination with the rephasing gradients results in coincident rephasing of the spin echo from the applied gradients and the rephasing of the spin echo from the inhomogeneities in the applied ?eld B0 to produce a composite NMR signal.
In order for the two spin echoes to coincide, the integrals of the G; and G}; gradient waveforms in inter' vals q; and q4 must satisfy the respective conditions that G2 gradient, related to the positive 6; gradient in the manner stated in equation (8), is applied to rephase the nuclear spins in planar region Az which were excited in interval ql.
In the manner previously described with respect to the spin-warp imaging pulse sequence (FIG. 4 and FIGS. 5a-5b), a phase encoding Gy gradient is applied during interval q; to enable spatial information in the y direction to be obtained. In accordance with the pulse sequence of the invention, however, a positive Gx gradi ent is also applied during interval qg to dephase nuclear spins so that a spin echo will occur at the end of a time interval equal to 27,; following the mean application of the selective 90° RF pulse and not at the end of interval The 180° RF pulse in the respective intervals q3 of FIG. 6 and FIG. 7 used to rephase the nuclear spins and to generate a nuclear spin echo is applied when the gradients (Gx and Gy) are turned off. This permits the use of long RF pulse lengths, thus reducing RF power requirements. In contrast, if the RF pulse is applied with the imaging gradients turned on (as is done in some conventional NMR pulse sequences) it must be ex tremely short in order to irradiate the entire range of NMR frequencies generated in the sample by the gradi ents. This in turn leads to excessive pulsed RF power requirements (e.g., on the order of 5 kilowatts).
The pulse sequences of the invention may be used to obtain T1 and T2 relaxation time information.
In accordance with a ?rst method for obtaining T1 information, the pulse sequences illustrated in FIGS. A second technique for obtaining T1 information is illustrated in FIGS. 8 and 9 for multiple angle projec tion and spin-warp imaging, respectively. In accor dance with this technique, prior to the commencement of each NMR pulse sequence of the invention, the sam ple is irradiated with a nonselective 180° RF pulse at a mean time To prior to the mean selective 90° RF pulse. Alternatively, the 180° RF pulse may be an adiabatic fast passage. The time T0 is selected to be approximately of the order of T1 for the sample. For example, To may range between 0.03 and 3 seconds, with 0.3 second being typical for imaging the human body. The 180° RF pulse produces inversion of the nuclear magnetic mo-~ ments according to their T1 values. The resulting image is an image which re?ects the spatial distribution of nuclear spin density and T1 values within the sample.
It is also possible 'to combine the ?rst and second techniques described above to produce an NMR image reflecting the spatial distribution of T1 values alone within the sample. In accordance with this technique, the pulse sequences illustrated in FIGS. 8 and 9 are repeated for each direction of the dephasing and rephas ing gradients and magnitude of the phase encoding gradient, respectively, at a repetition period of between about 0.03 and about 3 seconds or preferably between about 0.1 and about 1 second.
T2 relaxation time may be obtained by adjusting time 1'" (FIGS. 6 and 7) such that To is of the order of T2 of the sample. Time 'Ta may be adjusted between 2 and 1500 milliseconds with a typical value being 30 millisec onds. This provides for the attenuation of the nuclear spin echo according to T2 relaxation time in the sample, thus providing a T2 image. Each of the abovedescribed techniques used for obtaining T1 information may be combined with this technique for obtaining T2 informa tion. Thus, in FIGS. 8 and 9, times To and 7.1, as well as the repetition period between each pulse sequence for each value of 0 or n may be varied within the limits set forth above. The resulting pulse sequences are suitable for obtaining combined T1 and T2 imaging information simultaneously. RF transmitter 402 is gated with pulse envelopes from computer 401 to generate RF pulses having the required modulation to excite resonance in the object under study. The RF pulses are ampli?ed in RF power ampli?er 412 to levels varying from lOO watts to several kilowatts, depending on the imaging method, and ap plied to transmitter coil 424. The higher power levels are necessary for large sample volumes such as in whole body imaging, and where short duration pulses are required to excite large NMR frequency bandwidths.
The NMR signal is sensed by receiver coil 426, ampli ?ed in a low noise preampli?er 422, and applied for further ampli?cation, detection, and ?ltering to receiver 414. The signal is then digitized for averaging by signal The transmitter and receiver RF coils, if desired, may comprise a single coil. Alternatively, two separate coils that are electrically orthogonal may be used. The latter con?guration has the advantage of reduced RF pulse breakthrough into the receiver during pulse transmis sion. In both cases, the coils are orthogonal to the direc tion of the static magnetic ?eld B0 produced by magnet 428 (FIG. 10) . The coils are isolated from the remainder of the system by enclosure in an RF shielded cage. Three typical RF coil designs are illustrated in FIGS. 11a, 11b, and 11c. All of these coils produce RF mag netic ?elds in the x direction. The coil designs illus trated in FIGS. 11b and 11c are suitable for magnetic geometries for which the axis of the sample chamber is parallel to the main ?eld Bo (FIG. 1) . The design illus trated in FIG. 11a is applicable to geometries for which the sample chamber axis is perpendicular to the main ?eld B0 (not shown).
Magnetic ?eld gradient coils 416, 418, and 420 (FIG. 10) are necessary to provide gradients Gx, Gy, and 62, respectively. In multiple angle projection reconstruc tion and spin-warp methods described above, the gradi ents should be monotonic and linear over the sample volume. Multi-valued gradient ?elds cause a degrada tion in the NMR signal data, known as aliasing, which leads to severe image artifacts. Nonlinear gradients cause geometric distortions of the image. A design for gradient coils suitable for magnet geometries with a sample chamber axis parallel to the main ?eld B0 is depicted in FIGS. 12a and 12b. Each of gradients Gx From the foregoing, it will be apparent that the NMR pulse sequences in accordance with the present inven tion overcome the effects of inherent static magnetic ?eld inhomogeneity on spin echo formation. The MNR pulse sequence is used in planar imaging methods such as spin warp and multiple angle projection reconstruc tion. The NMR pulse sequences of the invention may also be used to obtain spatial distribution information of the T1 and T2 relaxation times. The use of pulsed mag netic ?eld gradients allows a reduction in RF power requirements for the echoproducing RF pulse.
While this invention has been and described with reference to particular embodiments and examples, other modi?cations and variations will occur to those skilled in the art in view of the above teachings. Ac cordingly, it should be understood that within the scope of the appended claims the invention may be practiced otherwise than is speci?cally described.
The invention claimed is: 1. A method for NMR image formation which over comes the effects of inherent static magnetic ?eld inho mogeneity on nuclear spin echo formation, said method comprising the steps of: a. maintaining a static magnetic ?eld along a ?rst axis of a sample;
b. irradiating said sample with a frequency selective RF pulse so as to excite a plurality of nuclear spins in a predetermined region within said sample; 0. applying, for a ?rst predetermined time interval, at least partially coextensive with said frequency se lective RF pulse, at least one dephasing magnetic ?eld gradient along a second axis of said sample to dephase said excited nuclear spins, said dephasing being in addition to nuclear spin dephasing induced by inherent inhomogeneities in said static magnetic ?eld;
d. irradiating said sample during a second predeter mined time at a predetermined elapse time interval Ta subsequent to the mean occurrence of said fre quency selective RF pulse, with a 180° RF pulse so as to initiate the rephasing of said excited nuclear spins; e. applying, during a third predetermined time inter val, subsequent to said second time interval, at least one rephasing gradient having the same direction as said dephasing gradient such that, at an interval of time equal to said interval Ta following said 180°
RF pulse, the nuclear spin echo caused by rephas ing of the nuclear spins dephased by said dephasing gradient coincides with the occurrence of the nu clear spin echo derived from the rephasing of the nuclear spins dephased by the inherent inhomoge neities in said static magnetic ?eld, said nuclear spin echoes producing a composite NMR signal; and f. detecting said composite NMR signal.
2. The method of claim 1 wherein said frequency selective RF pulse comprises a Gaussian amplitude modulated carrier.
3. The method of claim 1 wherein said frequency selective RF pulse comprises a carrier modulated by (sin bt)/bt, wherein b is a constant and t is time.
4. The method of one of claims 1, 2, or 3 wherein said selective RF pulses comprises a selective 90" RF pulse. 10. The method of claim 8 or 9 wherein said dephas ing gradient is a resultant dephasing gradient of the vectorial addition of two constituent dephasing gradi ents with are mutally orthogonal and which are copla nar with said thin planar slab, said resultant dephasing gradient having a predetermined direction.
11. The method of claim 10 wherein said rephasing gradient is a resultant rephasing gradient of the vecto rial addition of two constituent rephasing gradients which are mutually orthogonal and which are coplanar with said thin planar slab, said constituent rephasing gradients having the same respective directions within said thin planar slab as said constituent dephasing gradi ents, said constituent rephasing gradients being selected such that said resultant rephasing gradient has the same predetermined direction as said resultant dephasing gradient.
12. The method of claim 11 wherein the integral of the waveform of said resultant dephasing gradient with respect to time over said ?rst time interval is selected to be equal to the integral of the waveform of said resul tant rephasing gradient with respect to time over a time interval equal to said time interval Ta. 13. The method of claim 12 wherein said resultant rephasing gradient is selected to exhibit a constant am plitude during the step of detecting said composite NMR signal.
14. The method of claim 13 further comprising the step of repeating the sequence of steps a-f for different directions of said resultant dephasing and rephasing gradients so as to cover, incrementally, at least a 180° arc within said thin planar slab.
15. The method of claim 14 further comprising the steps of repeating for each direction of said resultant dephasing and rephasing gradients the sequence of steps a-f at a repetition period of between 0.03 and 3 seconds.
16. The method of claim 15 wherein said repetition period is selected to be between about 0.1 and about 1 35. The method of claim 34 further comprising the step of repeating the sequence of steps a-f, including said step of irradiating said sample with a 180° RF pulse prior to step b for each amplitude of said ?rst gradient at a repetition period of between 0.03 and 3 seconds.
